or inferred to exist from, DNA sequence analysis of more than 50 bacterial species, as well as Archae and plants ( Lee and Cohen, 2003 to RNase E and downregulation of RNase E activity are
modulated by the CTH, and that the effects of RraA on RNase E lead to global changes in RNA abundance, as well as to functionally altered gene expression. RraA thus represents a prototypical trans-acting modulator of RNase E activity and consequently of RNA turnover.
Results

Identification and Isolation of rraA in a Functional
Screen for Genes that Enhance Disulfide Bond Isomerization in the E. coli Periplasm In bacteria, the oxidation of protein thiols in secreted proteins is mediated by the soluble enzyme DsbA. The rearrangement of nonnative protein disulfide bonds is mediated by the disulfide isomerase DsbC, which is essential for the folding of eukaryotic proteins with multiple disulfide bonds expressed in the bacterial periplasmic space and to a lesser extent, by its homolog DsbG (Kadokura et al., 2003) Notably, human tissue plasminogen activator (h-tPA), a protease that converts plasminogen to plasmin and contains a total of 17 disulfide bonds, is expressed in a catalytically active form in E. coli only in cells that produce elevated levels of DsbC (Qiu et al., 1998) .
Using a plate assay that detects colonies showing enhanced folding of h-tPA (see Experimental Procedures), we sought to identify genes whose IPTG-induced overexpression from a multicopy plasmid resulted in increased disulfide bond isomerization activity. A genomic DNA fragment from a bacterial clone that gave a large clearance zone on fibrin plates was studied further, fide isomerization activity in the bacterial periplasm resulted from the stabilization of dsbC transcripts and a To determine whether the observed increase in DsbC protein level had resulted from an increase in dsbC tranconsequent increase in the steady-state level of DsbC protein. scription, we constructed a chromosomally encoded fusion in which the promoter region of dsbC gene was DNA sequence analysis of the E. coli gene whose overexpression stabilized dsbC mRNA showed that it placed upstream from a promoterless lacZ gene. Whereas no increase in ␤-galactosidase activity was detected was identical to an open reading frame annotated in the NCBI database as menG. This open reading frame is following IPTG-induced expression of the cloned gene, suggesting that the transcription of dsbC was not aflocated at 88.7 min in the E. coli chromosome and encodes a 17.4 kDa protein. menG had been assigned in fected (data not shown), RNase protection assays revealed a more than 5-fold increase in the half-life of the the database entirely on the basis of sequence analysis that had suggested it encodes an enzyme with S-adenodsbC transcript (0.8 min to Ͼ4 min). The steady-state abundance of dsbC mRNA was also increased under syl-L-methione-dependent methyltransferase activity capable of catalyzing the methylation of demethylmenaquinone, the last step in the biosynthesis of the electron transport mediator menaquinone (Meganathan, 1996) . However, our examination of the biochemical function of the gene indicated that it does not in fact catalyze the methylation of demethylmenaquinone: neither multicopy expression of menG nor deletion of the entire gene (in strain JQ004) had any effect on the ratio of quinone:menaquinone:demethylmenaquinone in cells grown under aerobic or anaerobic conditions and further, the purified protein product of this gene failed to methylate demethylmenaquinone in the presence of S-adenosyl L-methionine (data not shown). Additionally, the crystal structure of the product of menG revealed no evidence of a S-adenosyl L-methionine binding site (A.F. Monzingo et al., submitted). We therefore concluded that the assignment of menG in the database is incorrect, and on the basis of experiments described in this report have designated the gene instead as rraA (regulator of ribonuclease activity A ).
RraA Interacts with RNase E In Vivo
A separate search for chromosomal lesions that enhance disulfide bond isomerization had resulted in the isolation of eight mutants that confer increased synthesis of DsbC protein by stabilizing its transcript (Zhan, 2002 ; X.Z., J.G., C. Jain, M. Cieslewicz, J.R. Swartz, and G.G., unpublished data); five of the eight mutants were found to be allelic to rne, which encodes RNase E, and an additional two mutants resulted in a significant reduction in RNase E activity in trans. The observed similarity between the phenotypes of the chromosomal rne mutants and those conferred by multicopy expression of rraA led us to speculate that the latter might also exert its effect through modulating RNA processing by RNase E. RNase E autoregulates its own expression in cis, largely by cleaving its mRNA within the 5Ј UTR (Mudd and Higgins, 1993; Jain and Belasco, 1995); consequently, production of RNase E is inversely affected by changes in the catalytic activity of the enzyme (Jain and (Schatz, 1993) . As the RraA crystal strucRNase E under the same conditions ( Figure 3B ). Furtherture indicates that the C-terminal is surface-exposed more, gel shift assays revealed that RraA does not affect (A.F. Monzingo et al., submitted), we expected that addithe binding of pM1 to RNase E, supporting the view that tion of the C-terminal extension would not disrupt the inhibition of decay is mediated by a reduction of the tertiary structure of the protein; indeed, expression of ability of the enzyme to carry out hydrolysis of phosphothe RraA-Biotag protein conferred the same phenotypes diester bonds rather than by an effect of RraA on subas unmodified RraA including increased DsbC accumustrate binding by RNase E. This result and the fact that lation and a 4-fold higher ␤-galactosidase activity excoprecipitation of RNase E by RraA was not affected pressed from the chromosomal rne-lacZ fusion (data by the addition of nucleases ( Figure 2B ) support the not shown). Following precipitation using streptavidinnotion that RNA is neither bound directly by RraA nor conjugated beads, Western blot analysis revealed the is part of the RNase E:RraA complex. presence of RNase E in the precipitate fraction from M1, the 377 nt catalytic component of the t-RNA procells expressing RraA-Biotag, but not in precipitates cessing ribozyme RNase P, is generated by the profrom control cells expressing scFv ( coli transcripts, giving rise to an mRNA profile that was very similar, but not identical, to the transcript signature 230 nt species were undetectable when RraA was not expressed. These species accumulated to a maximum observed during RNase E depletion ( Figure 5A ). Notably, a number of transcripts involved in cell envelope biosynof 22% of the total asn-tRNA products in cells depleted of RNase E by arabinose withdrawal. thesis and in anaerobic metabolism were affected. For some mRNAs, for example amnI, msbB, and ptr in the Genome-wide analysis of mRNA abundance at single gene resolution was carried out by two-color hybridiza- Figure 5A insert, RraA resulted in even greater stabilization than what was observed upon a 25-fold reduction tion to DNA microarrays containing 4405 known and predicted E. coli ORFs (Blattner et al., 1997). In these in RNase E protein (the level obtained upon arabinose depletion as determined in Figure 2C ). Previous experiexperiments, the effect of RraA induction for 1.5 hr was compared with the consequences of RNase E deplements have shown that certain transcripts are destabi- (Figures 3C and 3D) .
inhibited by RraA. Inhibition of RNase E by RraA is sufficiently strong to Discussion override the autoregulation of RNase E synthesis that normally maintains cellular RNase E activity within a narrow range, leading to prolongation of transcript halfRraA represents a prototype for cellular proteins that modulate RNA decay and processing by binding to ribolife in vivo (for example, the dsbC transcript, Figure 1C ). In the absence of autoregulation, the effect of RraA on in rich media, the number of transcripts affected was relatively small and the cells exhibited normal growth, transcript accumulation is similar to that observed under severe RNase E depletion (Lee et al., 2002) . Some of suggesting that any physiological effects of RraA may occur under special growth conditions. The lack of a the physiological consequences that accompany the global changes in transcript abundance mediated by strong phenotype of an rraA null mutation also may be due to the presence of additional cellular proteins the overexpression of RraA include filamentation, the inability to grow at elevated temperatures (42ЊC), and a capable of modulating the catalytic function of RNase E and whose functions may partially overlap that of reduction in transcription from 32 dependent promoters (J.Q., X.Z., and G.G., unpublished data; X.Z. and G.G., RraA. In fact, in separate genetic studies we found that E. coli expresses a second RNase E regulatory protein unpublished data). These effects are observed specifically in cells that express the full-length RNase E but not which we have designated RraB (J.G., K.L., M. Zhao, X.Z., J.Q., A. Saxena, S.N.C., G.G., unpublished data). in strains that express the N-terminal catalytic domain, which is less sensitive to inhibition, suggesting that they Alternatively, the absence of rraA may lead to alterations in other features of ribonuclease regulation and a comresult from RraA-mediated alteration of the transcript profile.
pensatory adjustment of the rate of RNA decay. rraA-like genes are widely distributed in nature with Extensive studies carried out during the last 20 years have established that proteins that bind to RNA subhomologs found in many organisms that contain endonuclease genes homologous to RNase E, including strates can competitively interfere with the decay and processing of these RNAs. Furthermore, both RNA deArchae, proteobacteria, and Arabidopsis. Moreover, our demonstration of functional crossreactivity of RraA on cay and processing can be enhanced by the formation of ribonucleolytic "machines" (for reviews, see Cohen RNase E homologs from two distantly related bacterial species ( To prepare total RNA from KSL2000 containing pTrc99A (no arabinose), cells were grown to mid-log phase in the presence of 0.1% by growing transformants containing both plasmids (pBAD-NRNE and pRNG3) for 60 generations, resulted in displacement of the arabinose, harvested, washed with LB medium two times, and reinoculated into LB medium containing no arabinose and grown at 37ЊC resident Amp r plasmid by the Km r N-Rne-expressing construct. pBAD-NRNE was constructed by replacing the NotI-SphI fragment, to an A 600 ‫.2.0ف‬ 0.5 mM IPTG was added, the cells were harvested 1.5 hr later, and total RNA was prepared. Total RNA was isolated as which contains the entire Rne-coding region of pBAD-RNE (Lee et al., 2002) with the NotI-SphI fragment from pNRNE4.
described by Lin-Chao and Cohen (1991) and Northern blot analysis was performed as described previously (Lee et al., 2002) . OligonuTo construct the rraA null strain JQ004, the sequences flanking the 5Ј and 3Ј of the rraA gene were cloned into pRE107 (Edwards cleotide probes used were M1 (5Ј-GCTCTCTGTTGCACTGGTCG-3Ј) and tRNA Asn (5Ј-TACGGATTAACAGTCCGCCGTTCTACCGACTGAA et al., 1998), the resulting plasmid was amplified in SY327 (Miller and Mekalanos, 1988 ) and transformed into the nonpermissive host CTACAGA-3Ј) for pM1 RNA and tRNA Asn processing, respectively. strain JCB570 for allele exchange. Amp R colonies were selected, and then transferred to sucrose-containing plates to counterselect Biochemical Methods for sucrose sensitivity.
N-RNase E, RNase E, and RNase ES were purified from KSL2002, KSL2003, and S. coelicolor harboring pRNES301, respectively, as (RNase E and RraA) and pM1 RNA were mixed in 1ϫ cleavage buffer (2,000 psi) and equal amounts of protein were loaded onto SDSand preincubated on ice for 10 min before starting the cleavage PAGE gels. The protein band hybridizing to antibody was visualized reaction at 37ЊC. using the SuperSignal Chemiluminescent Kit (Pierce, CA).
Gel mobility shift assays were performed in 20 l reactions with An in vivo biotinylated RraA protein was constructed by fusing a purified proteins (concentrations indicated in Figure 3B legend) and DNA sequence encoding a 21 amino acid peptide substrate for E. 50 ng of internally labeled pM1 RNA in the presence of 20 mM Triscoli biotin holoenzyme synthetase (BirA) (Schatz, 1993) 
Microarray Procedures
Relative mRNA levels were determined by parallel two-color hybridization to DNA microarrays (Schena et al., 1995) on glass slides Enzyme Assays containing 4405 known and predicted ORFs. Comparative measuretPA activity was monitored using a fibrin plate assays as described ments of transcript abundance were performed by directly determin-(Qiu et al., 1998). ␤-galactosidase assays were performed in cells ing the abundance of each gene's transcripts relative to the wildgrown with or without 0.5 mM IPTG added at an A 600 ‫2.0ف‬ and type sample, described by Khodursky et al. (2000) . harvested 1.5 hr after induction (Miller, 1992) .
Analysis of data was performed with the software available at http://genomewww4.stanford.edu/MicroArray/SMD/restech.html RNA Methods and http://rana.stanford.edu. RNA protection assays were performed in cells grown, induced, and harvested as above. An aliquot was harvested 1.5 hr after induction to determine the steady-state level of dsbC transcripts and the rest Acknowledgments of the cells were treated with rifampicin at a final concentration of 200 g/ml. Subsequently, cell samples harvested at different time This work was supported by grants NSF BES-963406 and NIH GM 55090 to G.G., NIH GM 64511-01 to R.M., and by NIH GM 54158 to points were rapidly chilled in an ethanol dry ice bath and total RNA was prepared using RNeasy kit (Qiagen). The amount of RNA was S.N.C. We thank J. Beckwith, A.J. Carpousis, J.G. Belasco, and S.R. Kushner for the gift of strains and S.R. Kushner and S. Lin-Chao for quantified spectrophotometrically at 260 nm and RNase protection assays were carried out using the RPA III kit (Ambion) with a probepolyclonal antibodies to RNase E. We are grateful to C. Jain for many useful suggestions, K. Ravi for running the HPLC analysis of
